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Introduction 20
Viruses are the most abundant biological entities on the planet and there are typically millions of virus 21 particles in each ml of marine or fresh waters that are estimated to kill about 20% of the living material, 22
by weight, each day in the oceans (Curtis A. Suttle, 2007) . This has major consequences for global 23 nutrient and carbon cycles, as well as for controlling the composition the planktonic communities that 24 are the base of aquatic foodwebs. Although the vast majority of these viruses are less than 100 nm in 25 diameter and primarily infect prokaryotes, it became increasingly clear that a subset of the viruses in 26 aquatic ecosystems are comparative Leviathans that have been anecdotally classified as giant viruses. 27
The first giant virus that was isolated and described was for a marine microzooplankton that was 28 misidentified as Bodo sp. (Garza, 1995) , but which actually infected a protozoan from a different 29 evolutionary branch of eukaryotes, Cafeteria roenbergensis (Fischer, Allen, Wilson, & Suttle, 2010 Acanthamoeba spp., a taxon that is widespread but only representative of a single evolutionary branch 38 of eukaryotes, and which is not a major component in the planktonic communities that dominate the 39 world's oceans and large lakes. 40
As knowledge of mimiviruses infecting Acanthamoeba spp. has expanded it has become evident based 41 on analysis of metagenomic data that giant viruses and their relatives are widespread and abundant in 42 aquatic systems (Hingamp et al., 2013; Mozar & Claverie, 2014; Schulz et al., 2017) . However, except for 43
Cafeteria roenbergensis Virus (CroV) that infects a microzooplankton (Fischer et al., 2010) , and the 44 smaller phytoplankton-infecting viruses Phaeocystis globosa virus PgV-16T (Santini et al., 2013) and 45 Aureococcus anophagefferens virus (Moniruzzaman et al., 2014) there are no other members of the 46 Mimiviridae that have been isolated and characterized, other than those infecting Acanthamoeba spp. 47
Motivated by the lack of ecologically relevant giant-virus isolates we isolated and screened 48 representative microzooplankton in order to isolate new giant-viruses that can serve as model systems 49
for exploring their biology and function in aquatic ecosystems. Herein, we present Bodo saltans virus 50 (BsV), a giant virus that infects the ecologically important kinetoplastid microzooplankter Bodo saltans, a 51 member of the phylum Euglenazoa within the supergroup Excavata. This group of protists is well 52
represented by bodonids in freshwater environments and by diplonemids in the oceans ( 
Virus morphology and Replication Kinetics. Transmission electron microscopy (TEM) revealed that 84
BsV is an icosahedral particle approximately 300 nm in diameter ( Fig. 2A ). The particle consists of at 85 least six layers akin to observations on Acanthamoeba polyphaga mimivirus (APMV) (Mutsafi, Shimoni, 86 Shimon, & Minsky, 2013). The DNA-containing core of the virion was surrounded by a core wall and an 87 inner membrane, and a putative membrane sitting under a double-capsid layer ( Fig. 2A) . A halo of 88 approximately 25 nm surrounds the virion. A stargate-like structure that, as observed in APMV, is 89 associated with a depression of the virus core below it and putatively releases the core from the capsid 90 during infection ( , the virus factory had  116  expanded significantly and reached a maximum size of about one-third of the host cell, taking up most  117 of the cytoplasm. The first capsid structures appeared at this time. At 18h p.i., the first mature virus 118 particles were observed, coinciding with the first free virus particles observed by flow cytometry (Fig. 1 ). 119
By 24h p.i., most infected cells were at the late stage of infection with mature virus factories ( Fig. 2C, D) . 120
During virus replication, membrane vesicles were recruited through the virus factory where capsid 121 proteins accumulated and disrupted the vesicles ( Fig. 2D ) (Mutsafi et al., 2013) . The vesicle/capsid 122 structures accumulated in the periphery of the virus factory where the capsid was formed ( Fig. 2C, D) . 123
Once the capsid was completed, the viral genome was packaged into the capsid at the vortex opposite 124
to the putative stargate structure (Fig. 2C, D) . The internal structures of the virus particle matured in the 125 cell periphery and accumulated below the host cytoplasmic membrane where they often remained for 126 an extended period of time ( Fig coding density of 85%, with the ORFs distributed roughly equally between the two strands consistent 137
with the constant GC-skew ( Fig. 3 ). Unlike APMV, BsV does not display a central peak in GC skew and 138 therefore does not have an organized bacterial like origin of replication (Raoult et al., 2004) . The 139 genomic periphery has a slightly skewed GC ratio due to the tandem orientation of repeated ORFs. 140
Codon preference is highly biased towards A/T-rich codons and the amino acids Lysine, Asparagine, 141
Isoleucine, and Leucine (10, 9.8, 9.6, 8%), which are preferentially encoded by A/T only triplets. The 142 translation of the predicted ORFs resulted in proteins ranging from 43 to 4840 aa in length with an 143 average length of 320 aa. Promotor analysis revealed a highly-conserved early promotor motif 144 "AAAAATTGA" that is identical to that found in mimiviruses and CroV (Fischer et al., 2010; Priet, 145 Lartigue, Debart, Claverie, & Abergel, 2015). A poorly-conserved late promotor motif "TGCG" 146 surrounded by AT-rich regions was also observed. ORFs are followed by palindromic sequences, 147
suggesting a hairpin-based transcription termination mechanism similar to APMV ( with related viruses such as CroV and klosneuviruses, highlighting the low number of conserved core 155 genes amongst these viruses ( Fig. 4D ). Essential genes for replication, translation, DNA replication and 156 virion structure are located in the central part of the genome, while the periphery is occupied by 157 duplicated genes, including 148 copies of ankyrin-repeat-containing proteins ( The genome of BsV is rich in coding sequences involved in transcription. An early transcription factor 183 putatively recognizing the highly conserved AAAAATTGA motif and a late transcription factor putatively 184 targeting TGCG were identified; whereas, the target sequence of a third transcription factor is unknown. 185
Further, a TATA-binding protein, a transcription initiation factor (TFIIIB) and a transcription elongation 186 factor (TFIIS) were identified that should aid transcription. As well, RNA polymerase subunits a,b,c,e,f,g 187 and I were identified and are assisted by DNA topoisomerases Type 2 and 1B. BsV encodes a putative 188 mRNA specific RNase III, a poly A polymerase, several 5' capping enzymes and methyl transferases. 189
Transcription is putatively terminated in a manner similar to that described in APMV, as hairpin 190
structures were detected in the 3' UTR of most putative transcripts (Priet et al., 2015) . They are 191 probably recognized and processed by the viral encoded RNase III in a manner similar to APMV (Byrne et  192 al., 2009). After hairpin loop cleavage, the poly-A tail is added by the virally encoded poly-A polymerase. 193
The 5' capping is accomplished by the virus-encoded mRNA capping enzyme, as well as several cap-194 specific methyltransferases. The extensive cap modification suggests that BsV is independent of the 195 trans-splicing of splice-leader mRNA containing cap structures found in kinetoplastids (Stuart, Allen, 196 Heidmann, & Seiwert, 1997). 197
BsV also encodes several enzymes associated with nucleic-acid transport and metabolism, including 198 several AT-specific nucleic-acid synthesis pathway components. For instance, adenylosuccinate, 199 thymidylate and pseudouridine synthetases and kinases, as well as ribonucleoside-diphosphate 200 reductase were evident. Other ORFs were associated with nucleotide salvaging pathways, including 201 nucleoside kinases, phosphoribosyl transferases, and cytidine and deoxycytidylate deaminase. A 202 putative mitochondrial carrier protein was identified that, similar to APMV, likely provides dATP and 203 dTTP directly from the kinetoplast to the virus factory, as evident from electron microscopic 204
observations (Monné et al., 2007) . 205
Several genes were identified that are putatively involved in membrane trafficking. a system based on 206 soluble N-ethylmaleimide-sensitive factor (NSF) attachment proteins (SNAPs) and the SNAP receptors 207
(SNAREs) appears to have been acquired from the host by horizontal gene transfer in the recent 208 evolutionary past. In combination with several NSF homologues, including the vesicular-fusion ATPases 209
that also seems to have been acquired from the host. Other proteins putatively involved in membrane 210
trafficking are rab-domain containing proteins, ras-like GTPases, and kinesin motor proteins. 211
The BsV genome encodes four major capsid proteins that putatively form the outer capsid. One of these 212 proteins contains several large insertions between conserved domains shared among all four capsid 213 proteins, and with 4194 aa boasts a size almost seven times that of its paralogs. This enlarged version of 214 the major capsid protein might be responsible for creating the halo around the virus particles observed 215 by TEM, by producing shortened fibers similar to those observed in APMV ( Fig. 2A ) (Xiao, 2009 ). Further, 216
the genome contains two core proteins, several chaperones and glycosylation enzymes suggesting that 217 proteins are highly modified before being incorporated into the virus particle. 218
There were numerous ORFs that were similar to genes encoding metabolic proteins, like enzymes 219 putatively involved in carbohydrate metabolism. However, no one continuous metabolic pathway could 220 be assembled and therefore these enzymes likely complement host pathways. BsV also encodes 221 coenzyme synthetases such as CoA and NADH and to meet the demand for amino acids that are rare in 222 the host, BsV encodes the key steps in the synthesis pathways of glutamine, histidine, isoleucine, and 223 asparagine. 224
Another group of genes putatively mediate competitive interactions, either directly with the host, or 225 with other viruses or intracellular pathogens. These include genes involved in the production of several 226 toxins such as a VIP2-like protein as well as putative antitoxins containing BRO domains. Further, a 227 partial bleomycin detox pathway was found, as well as multidrug export pumps and partial restriction 228 modification systems. 229
While BsV encodes a complex translation machinery, it differs markedly from those described in other 230
NCLDVs. Eukaryotic translation initiation factors include the commonly seen eIF-2a, eIF-2b, eIF-2g, eIF-231
4A-III and eIF-4E, as well as several pseudogenes related to eIFs. Eukaryotic elongation factor 1 is also 232 present as is eukaryotic peptide chain release factor subunit 1. Notable is the absence of eIF-1; instead, 233
BsV encodes a version of IF-2 that appears to have been acquired from the host and putatively is 234 functionally analogous to eIF-1 in kinetoplastids. The most striking difference to other NCLDVs is the 235 absence of tRNAs. Uniquely among NCLDVs, BsV encodes several tRNA repair genes. These genes 236
include putative RtcB-like RNA-splicing ligase, putative CAA-nucleotidyltransferase, tRNA 2'-237 phosphotransferase/Ap4A_hydrolase, putative methyltransferase, a TRM13-like protein, pseudouridine 238 synthase and tRNA ligase/uridine kinase. Most of these genes appear to have been recently acquired 239 from the host (Table S1) Mimiviridae and Phycodnaviridae are found in the BsV DNA polymerase family B genes, while unrelated 258 others are found in the DNA dependent RNA polymerase subunits A and B genes (polr2a and polr2b). 259
These RNA polymerase inteins seem to be devoid of an active homing endonuclease and are therefore 260 fixed in these genes, suggesting an evolutionary ancient invasion. The intein in DNA pol B might be an 261 exception, as an HNH endonuclease is located in close genomic proximity and might promote homing in 262 a trans-acting fashion. The group 1 self-splicing introns show signs of at least two independent invasions 263 as the RNA polymerase subunits 1 and 2 genes are occupied by introns with different homing 264 endonucleases (HNH and GIY-YIG type) and different putative ribozymes as evident by their secondary 265 structure ( Fig. 5, Fig.Sup. 1B) . Subsequently, the homing endonucleases seeded "offspring" introns 266 within the same gene (Fig. 5 ). These secondary introns show conserved secondary RNA structure, but 267 the lack of the homing endonuclease of their parental intron. Therefore, the secondary introns probably 268 rely on the trans-homing of their parental intron's endonuclease. The highly conserved sequence for 269 some of the offspring introns (94.4% sequence identity for i1a-i1c, Fig. 5, Fig.Sup. 1A) suggests that 270 these have spread relatively recently, while other introns that only show conservation in their secondary 271 structure probably represent older invasions. Besides proliferating introns, the BsV genome is also home 272 to two distinct actively proliferating transposon classes. 273 Acanthamoeba-infecting large mimiviruses (recently proposed "Megavirinae") and small mimiviruses 283 ("Mesomimivirinae") ( Fig. 6 A, B) conserved NCLDV core genes produced a tree that again resolved three clades within the Mimiviridae 287 ( Fig. 6C) , the Acanthamoeba-infecting Megavirinae, the Mesomimivirinae, and a third, less well-defined 288 clade that includes BsV, CroV, and the klosneuviruses. The longer branch lengths and lower bootstrap 289 support in the third clade, indicate that these viruses are more distantly related to each other than the 290 members of the two established subfamilies; however, they clearly fall outside of the established 291 subfamilies, have overlap in genome content where complete genomes are available ( Fig. 4D) clearly distinct from the other subfamilies Mesomimiviridae and Megaviridae (Fig. 6 ). The high 329
representation of the Aquavirinae in metagenomic reads suggests that they represent the largest group 330 of giant viruses in the oceans (Hingamp et al., 2013) . The detection of Klosneuviruses in low complexity 331 fresh water metagenomes further supports the global prevalence of the Aquavirinae. 332
BsV has acquired a host mechanism to facilitate membrane fusion, employed during infection and 333 virion morphogenesis 334
The SNAP/SNARE membrane fusion system found in BsV appears to have been recently acquired from 335 the bodonid host via horizontal gene transfer. This system could mediate membrane fusion in a pH-336 dependent manner (Itakura, Kishi-Itakura, & Mizushima, 2012). Accordingly, we propose a phagocytosis 337 based infection strategy for BsV: As described for APMV, BsV is ingested through the cytostome and is 338 phagocytosed in the cytopharynx before being transported in a phagosome towards the posterior of the 339 cell (Mutsafi et al., 2010) ; here the viral SNAP/SNARE interacts with the host counterparts to initiate the 340 fusion of the inner virus membrane with the phagolysosomal membrane upon phagolysosome 341 acidification, releasing the viral genome into the cytoplasm. This scenario is supported by the 342 localization of the virus factory at the posterior of the cell and virus particle structure ( Fig. 2A ,C and Fig.  343 2 Fig.Sup . 1B-C). According to this hypothesis, SNAP/SNARE proteins must be present membranes of the 344 mature virus particles and only get exposed after the stargate opens. The SNAP/SNARE system might 345 also be involved in recruiting membrane vesicles from host organelles to the virus factory during 346 maturation of the virus particle as has been described for pox viruses (Fig. 2D) the cytoplasm, the endonucleases encoded by the intron or intein cleave the unoccupied locus in the 359 genome of the intron/intein free virus. Thus, the intron-containing virus is reducing the ability of the 360 competing virus to replicate (Fig. 7) . A similar mechanism has been described for competing phages in 361
which an intron-encoded or derived homing endonuclease mediates marker exclusion during 362 superinfection, causing selective sweeps of genes in the vicinity of the endonuclease through the phage 363 population ( pandoraviruses may be an excellent model to experimentally explore the proposed mechanism of intron 376 homing endonuclease mediated competition. 377 
385
The translation machinery of giant viruses is a homoplasic trait 386 The absence of tRNAs in the BsV genome is remarkable since tRNAs are found in all genomes of giant 387 viruses and even in many moderately sized NCLDV genomes. This might be an adaptation to the unusual 388 RNA modification found in kinetoplastids that also encompasses tRNA editing (Alfonzo & Lukeš, 2011; 389 Stuart et al., 1997) . BsV likely cannot replicate this unusual editing, and thus relies on using host tRNAs. 390
Hence, BsV encodes tRNA repair genes to compensate for the lack of tRNA synthesis and to maintain the 391 available tRNA pool in the host cell. Most of these genes appear to have been recently acquired from 392 the host (Table S1 ). Like the tRNAs, most virus-encoded aminoacyl-tRNA synthetases might not be able 393
to recognize the highly modified tRNAs present in the host and are therefore degrading in the absence 394 of positive selective pressure (Fig. 4, Fig.Sup. 1) . The loss and resulting heterogeneity in translational 395 machinery compared to klosneuviruses, combined with the apparent diverse origin of these genes, 396
suggests that the translation machinery found in giant viruses is the result of rapid adaptation by gene 397 acquisition via horizontal gene transfer, as has been recently proposed by Shultz et al. (Schulz et al., 398 2017) . Furthermore, BsV demonstrates that such genes can be readily purged from the virus genome if 399 they not required in a new host. Thus, BsV provides further evidence that the translation machinery 400 encoded by NCLDVs is a homoplasic trait, need not be ancient in origin, and is not evidence of a fourth 401 domain of life. 402
An inflated genomic accordion due to evolutionary arms races is responsible for genome gigantism in 403
BsV and sheds light on giant virus evolution 404
The 148 copies of ankyrin-repeat domain proteins in the genomic periphery of BsV are telltale signs of 405 an expanded genomic accordion (Fig. 3) (Elde et al., 2012) . The observation of almost identical 406 sequences in the very periphery of the genome is consistent with the genomic accordion hypothesis, in 407
which the most recent duplications are closest to the genome ends (Fig. 3, Fig.Sup. 1A,B ). The genomic 408 recombinations causing the gene duplications can also lead to the disruption of coding sequences that 409 might explain the comparatively low coding density of BsV. Proteins with ankyrin-repeat domains are 410 multifunctional attachment proteins that in pox viruses determine host range by inhibiting host innate 411
immune system functions (Camus-Bouclainville et al., 2004). The presence of fragments of the catalytic 412 domains of essential viral genes in many ankyrin-repeat containing genes is of further importance ( Fig.  413 3, Fig.Sup.1 C) . This suggests a decoy defense mechanism, where these fusion proteins mimic the targets 414 of host anti-viral defense systems disrupting essential viral functions. By acting as decoy targets, they 415
immobilize pressures placed on these viruses by virus-host arms races as the driver of genomic expansions. The 435 genomic plasticity is further apparent in the translational machinery that shows signs of recent gene loss 436
and rapid adaptation to its bodonid host. This emphasizes that the translational machinery of giant 437 viruses is indeed an acquired homoplasic trait not derived from a common ancestor. An invasion of 438 selfish elements in essential genes suggests interference competition among related viruses for shared 439 New Jersey, USA))(Rose, Caron, Sieracki, & Poulton, 2004). After a lytic event was observed, the lysate 461 was filtered through a 0.8um PES membrane (Sterlitech) to remove host cells. The lytic agent was 462 propagated and a monoclonal stock was created by three consecutive end point dilutions. The 463
concentrations of the lytic agent were screened by flow cytometry using SYBR Green (Invitrogen 464
Carlsbad, California, USA) nucleic acid stain after 2% glutaraldehyde fixation (vs SSC) (Brussaard, 2004) . 465
The Bodo saltans lysates after BsV infection were applied to the carbon side to a formvar-carbon coated 400 471 mesh copper grid (TedPella, CA, USA) and incubated at 4°C in the dark overnight in the presence of high 472 humidity. Next, the lysate was removed and the grids were stained with 1% Uranyl acetate for 30 473 seconds before observation on a Hitachi H7600 transmission electron microscope at 80 kV. 474
High-pressure freezing and ultra-thin sectioning 475
Exponentially growing B. saltans cultures were infected at a concentration of 5x10 5 cells ml -1 with BsV at 476 a relative particle to cell ratio of ~5 to ensure synchronous infection. Cells were harvested from infected 477 cultures at different time points (6, 12, 18, 24 h post infection) as well as from uninfected control 478 cultures. Cells from 50 ml were pelleted in two consecutive 10 min at 5000 xg centrifugation runs in a 479
Beckmann tabletop centrifuge. Pellets were resuspended in 10-15 µl DY-V culture medium with 20% 480 (w/v) BSA and immediately place on ice. Cell suspensions were cryo-preserved using a Leica EM HPM100 481 high-pressure freezer. Vitrified samples were freeze-substituted in a Leica AFS system for 2 days at -85°C 482 in a 0.5% glutaraldehyde 0.1% tannic acid solution in acetone, then rinsed ten times in 100% acetone at -483 85°C, and transferred to 1% osmium tetroxide, 0.1% uranyl acetate in acetone and stored for an 484 additional 2 days at -85°C. The samples were then warmed to -20°C over 10 hours, held at -20°C for 6 485 hours to facilitate osmication, and then warmed to 4°C over 12 hours. The samples were then rinsed in 486 100% acetone 3X at room temperature and gradually infiltrated with an equal part mixture of Spurr's 487
and Gembed embedding media. Samples were polymerized in a 60°C oven overnight. 50 nm thin 488 sections were prepared using a Diatome ultra 45° knife (Diatome, Switzerland) on an ultra-microtome. 489
The sections were collected on a 40x copper grid and stained for 10 min in 2% aqueous uranyl acetate 490
and using OrthoMCL (42) with standard parameters (Blast E-value cutoff = 10 −5 and mcl inflation factor = 1.5) 555 on all protein-coding genes of length ≥ 100 aa. This resulted in the definition of 3,001 distinct clusters. 556 We computed a presence/absence matrix based on the genes clusters and calculated a distance matrix 557 using the according to Yutin Acknowledgments: 579 We thank members of the Suttle Lab, past and present, and especially Andrew Lang and Matthias 580
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